strand must exhibit behavior that contrasts with such high processivity. The lagging strand is synthesized as 1230 York Avenue New York, New York 10021 short 1-3 kb Okazaki fragments. Primase initiates each fragment by synthesis of a short RNA primer. As the polymerase extends the primer, it synthesizes DNA in the direction opposite fork movement even though it Summary travels with the fork due to its connection to both DnaB (through ) and the leading polymerase (through the The E. coli replication machinery employs a ␤ clamp that tethers the polymerase to DNA, thus ensuring high shared clamp loader). These opposite motions are thought to be resolved by formation of a DNA loop (Figprocessivity. The replicase also contains a processivity switch that dissociates the polymerase from its ␤ ure 1A) (for overview, see Kornberg and Baker, 1992). As the DNA is extended, the loop grows until the polyclamp. The switch requires the subunit of the clamp loader and is regulated by different DNA structures.
The switch is off during elongation, allowing core to remain associated with ␤ on DNA. In the lower right diagram, the lagging-strand polymerase finishes an Okazaki fragment, thereby flipping the processivity switch and turning c "on" for disengaging core from ␤. The polymerase then dissociates from ␤, leaving it behind on the completed fragment. In the bottom left diagram, the lagging-strand polymerase reattaches to ␤ at the new primed site for extension of another Okazaki fragment.
The enzyme synthesizes DNA so fast ‫1ف(‬ kb/s) that it sis on a large-pore resin that resolves protein bound to the large DNA from proteins not bound to DNA. One remained possible that the processivity switch triggers at some point prior to finishing DNA, causing Pol III* to potential caveat to this study is the presence of a 3Ј-5Ј exonuclease activity (⑀ subunit) within Pol III*, which lose affinity for ␤·DNA, but due to its speed, it may simply complete the template before actually falling off.
could change the gap size by degrading the 3Ј terminus.
To prevent this, we reconstituted Pol III* using an ⑀ To determine the point at which the processivity switch is tripped, we designed an experimental system mutant that lacks exonuclease activity. This nucleasedeficient Pol III* behaves with ␤ like wild-type Pol III* to test the stability of Pol III* (Pol III holoenzyme lacking only ␤) with ␤ on a primed site having a defined gap as H-Pol III* remains stably attached to ␤ on all these insert to which the latent origin binding protein of Epstein Barr virus, EBNA-1, binds with high affinity. Oligo gapped DNA substrates-even on the substrate with only a single nucleotide gap. A control experiment using #1 hybridizes to the ssDNA such that the EBNA-1 site is positioned at the 3Ј terminus. We have shown previously the ssDNA template containing only Oligo #2 provides a similar amount of 3 H-Pol III* bound to ␤ on DNA (data that EBNA-1 blocks the assembly of ␤ onto this site (Yao et al., 2000). Oligo #2 is positioned 5Ј to Oligo #1 not shown). In another control, we designed a substrate that closes the gap to produce only a nick. Due to the to produce a ssDNA gap between the two oligos. In the presence of EBNA-1, the only primed site available for processivity switch, Pol III* should not remain associated with ␤ on DNA at a nick, and this result is confirmed assembly of the holoenzyme is at the gap on Oligo #2. The 5Ј sequence of Oligo #1 can be shortened or lengthin this system ( Figure 2B ). To ensure that ␤ was attached to all these DNAs, including the nicked substrate, we ened to produce gaps of defined size.
The stability of Pol III holoenzyme on different sized used 32 P-␤ in these experiments in order that its presence on DNA could be examined. The results confirm gaps was determined by assembly of 3 H-Pol III* and 32 P-␤ on these substrates followed by gel filtration analythat similar amounts of ␤ are attached to each of these Pol III holoenzyme, composed of 3 H-Pol III* bound to 32 P-␤, is assembled on M13 ssDNA to which two DNA oligos are annealed to produce gaps of defined size (A). Oligo #1 contains an EBNA-1 site, and binding of EBNA-1 prevents holoenzyme assembly. Thus, the holoenzyme is directed to Oligo #2. Stability of 3 H-Pol III* (B) and 32 P-␤ (C) on DNA is assessed upon analysis by gel filtration, which resolves protein bound to DNA from protein in solution. The bar plots summarize the total protein·DNA complex on each DNA substrate.
DNA substrates, even the one containing only a nick and Pol III* remains bound to the ␤ clamp on DNA. Hence, the full catalytic reaction is necessary before the ( Figure 2C ).
In summary, these results show that the trigger of the switch is flipped "on."
The processivity switch may be powered by the enprocessivity switch has very high fidelity for completed DNA and remains switched "off" even when there is only ergy of ATP. To test whether ATP is needed, Pol III*/␤ was assembled onto DNA with a one nucleotide gap and one nucleotide to be incorporated. then ATP was removed using hexokinase and glucose. If ATP is needed, then Pol III* should remain bound to Characterization of the Processivity Switch The next few experiments take advantage of this system DNA after addition of dCTP to fill the gap. However, the results show that Pol III* still dissociates from DNA to examine the processivity switch and its requirements. First, we performed a simple control in which we placed ( Figure 3C ), and therefore, ATP is not required. Perhaps the energy of incorporating the very last nucleotide is 3 H-Pol III*/␤ on the DNA with a one nucleotide gap and then added either dCTP, the last nucleotide to be incorcoupled to the switching process. To test this, we placed Pol III*/␤ onto DNA containing a 15 nucleotide gap and porated, or dGTP, which should not be incorporated. The result, in Figure 3A , demonstrates that addition of treated it with hexokinase/glucose to remove ATP. Then, instead of filling the gap by adding dNTPs, we added a the correct nucleotide to fill the gap elicits Pol III* dissociation, but the incorrect nucleotide does not.
DNA 15-mer complementary to the gap sequence. The result, in Figure 3D , shows that Pol III* dissociates upon Next, we asked whether the last nucleotide must be incorporated for Pol III* dissociation or if nucleotide addition of the 15-mer, indicating that the energy of nucleotide incorporation is not required to trigger the binding is sufficient. For this experiment, we synthesized a 3Ј dideoxy terminated Oligo #2 and used it in combinaprocessivity switch. As a control, a noncomplementary DNA 15-mer was added; Pol III* did not dissociate. tion with an Oligo #1 that produces a single nucleotide gap. Upon addition of dCTP, the polymerase should bind and pair it to the template dG, but will be unable Speed of the Processivity Switch During lagging-strand replication, Okazaki fragments to incorporate it due to the 3Ј dideoxy terminated 3Ј terminus at the gap. The result, in Figure 3B , shows that are produced every few seconds. Hence, the polymerase must rapidly disengage from ␤ upon completing the processivity switch is not flipped upon adding dCTP, each section of DNA. The gel filtration experiments in by surface plasmon resonance. In the experiment of Figure 4 , a template with a 10 nucleotide gap was asFigures 2 and 3 are rather time consuming, requiring several minutes from start to finish. Therefore, the actual sembled using synthetic oligos, one of which contained biotin at one end for attachment to a strepavidin chip. speed at which the switch separates polymerase from ␤ cannot be addressed. To examine the processivity To prevent the holoenzyme from simply sliding off the other end of the linear DNA, we positioned an EBNA-1 switch in real time, we adapted the system to solid phase for observation of polymerase dissociation from ␤·DNA site at the free end and added EBNA-1 (see scheme, plate. In Figure 5C , core and ␤ were mixed with the DNA, and the result shows the expected core·␤·primed DNA Next, Pol III* and ␤ were passed over the immobilized DNA; the resulting increase in mass indicates holoencomplex. Experiments using radiolabeled DNA confirm that the primed template comigrates with core·␤ (data zyme assembly onto the primed site. The speed of polymerase dissociation at the gap was examined upon not shown). Repeating this experiment using duplex DNA containing a single nick, to mimic a completed passing buffer containing only dTTP over the chip. As expected, the holoenzyme was quite stable, with a k off DNA, shows no difference; core·␤ remains stuck together ( Figure 5D ). Thus, either the processivity switch of approximately 5.5 ϫ 10 Ϫ5 s Ϫ1 . Next, we added the four dNTPs to allow the polymerase to move forward and fill doesn't function in this experimental design, or another subunit is required. the gap. The result shows a very rapid release of Pol III*. The release of Pol III* is too rapid for a kinetic analyNext, we added different clamp loader subunits to reactions containing core, ␤, and nicked DNA to detersis, since the instrument only takes one measurement per second, and the first half-life appears to be over at mine whether one of the clamp loader proteins is required to trigger the processivity switch and dissociate the first data point (k off Յ 0.5 s
Ϫ1
). Hence, the processivity switch is rapid and occurs within the time frame required core from ␤. Whereas addition of ␥, ␦, ␦Ј, or complex made no difference (Figures 5E-5H), the subunit had for lagging-strand synthesis.
the effect of dissociating core from ␤ ( Figure 5I ). The subunit directly interacts with core polymerase and therefore results in core· complex, which elutes earlier Subunit Requirements for the Processivity Switch To examine whether one or more clamp loader subunits than core. Next, we repeated the experiment using the primed template. In this instance, the processivity participate in the switch, we utilized small linear primed templates that ␤ can thread onto, allowing us to study switch should not be triggered, and core··␤ should remain intact on the DNA. Indeed, the result demonstrates the switching process in the absence of a functional clamp loader. For these studies, we prepared a primed that the ␤ clamp comigrates with core· when the primed template is used ( Figure 5J ). template having 34 bp of duplex and 28 nucleotides of ssDNA. To trigger the switch, we prepared a 62 bp duTo quantitate the affinity between core and ␤, and the effect of and different DNA structures on this interacplex containing a single internal nick. Each substrate was assembled and gel purified to remove any unantion, we labeled ␤ at Cys333 with the Oregon Green fluorophore (␤ og ) and used it as a probe of complex nealed oligos. First we examined stability of core polymerase with ␤ on these DNA substrates using a Suformation ( nM ( Figure 6C ). When is absent, the K d value of the A study of the C-terminal sequence of has confirmed ␤·core interaction is ‫81ف‬ nM in the presence of nicked that this is sufficient to bind core and DnaB (Gao and DNA ( Figure 6D) . Thus, the subunit is required to deMcHenry, 2001a deMcHenry, , 2001b . Below, we show that this seccrease the affinity between core and ␤ over 20-fold on tion of (referred to herein as c ) also binds DNA and is a nicked DNA substrate. sufficient to provide the processivity switch that separates core from on completed DNA. Further, c displays no detectable affinity for ␥, indicating that it may act as The Processivity Switch Requires Only the C-Terminal an independent unit from the N-terminal 2/3 of that Section of participates with ␥, ␦, and ␦Ј in the clamp loading reThe subunit binds core polymerase and DnaB and is action. a DNA binding protein, yet neither of these properties
In Figure 7A , we used ␤ og to measure its affinity to apply to ␥, which is essentially the N-terminal 2/3 of . core· c in the presence of either the synthetic primed Hence, the DNA and core binding activities of probably reside in the C-terminal 24 kDa sequence unique to .
template or the duplex containing a single nick. The K d ies, and ultimately crystal structures, a few possible Next, we asked whether c binds to ␥ by mixing the scenarios can be proposed from this work. two proteins at high concentration, followed by analysis
The subunit has DNA binding activity, and we demfor complex formation between them by gel filtration onstrate here that the activity resides in the C-terminal ( Figure 7C ). The two proteins do not comigrate, indicatsequences unique to (i.e., missing in ␥) and thus is in ing that they probably do not form strong contacts with the same general area as the core polymerase binding one another within full-length . This experiment has sequences of . It therefore seems quite possible that been repeated in the presence of primed DNA and nicked contains the DNA recognition activity that distinduplex DNA, but ␥ and c still do not comigrate (data not guishes the complete product DNA from primed temshown). Shown in Figure 7D is a sequence near the plate. A possible mechanism by which functions is C-terminal region of ␥ that is disordered in the ␥ complex illustrated in Figure 1B , in which the DNA binding site crystal structure, implying it may be a disordered pepof is in close proximity to the primed template binding tide that links c to the rest of . Consistent with disorder site of the ␣ subunit of core polymerase, perhaps even in the ␥ complex structure, the sequence contains many forming a part of its substrate binding site. In this model, prolines and relatively few hydrophobic residues. This where is situated near the DNA binding site of ␣, it peptide is located near the C terminus of ␥ (see scheme may help core interact with the primed template DNA in Figure 7D ). Taken together with the lack of detectable structure and will be ideally situated to recognize binding between c and ␥, the structural data provide whether replication is completed, whereupon it acts to evidence that this peptide may act as a flexible tether dissociate core from ␤. Alternatively, the DNA binding that links c to the clamp loader. domain of may be some distance from the polymerase active site yet still sense the DNA structure of the primer Discussion template. In this case, when Pol III holoenzyme finishes a template, it may slide with ␤ on DNA, allowing to A Precise Processivity Switch with High Fidelity come into position and check whether the template is for Completed DNA complete. Pol III holoenzyme binds primed DNA with high affinity Core has considerable affinity for ␤, even at a nick. as a result of its ring-shaped ␤ subunit (Kuriyan and Thus one may ask whether core functions in the cell O'Donnell, 1994). However, a chromosomal replicase with ␤ but without . We have examined this issue and must be capable of more than simply remaining on DNA find that core without is not as stable with ␤ on DNA for highly processive synthesis. This is especially true compared to core in the presence of (Stukenberg and on the lagging strand, where DNA synthesis is discontin-O'Donnell, 1995). This is indicated by low yields of core uous. Here, the polymerase needs to balance this proon ␤·DNA complex during gel filtration and the requirecessive grip with an ability to pop off DNA when it comment for much lower ionic strength in the column buffer. pletes an Okazaki fragment so that it can be available As gel filtration is a nonequilibrium technique, we prefor synthesis of the next fragment. The scarcity of Pol sume the decreased stability reflects a more rapid k off III holoenzyme in the cell makes this balancing act all of core from ␤·DNA relative to core· (core could have a the more important. The speed of the replication fork more rapid k on for ␤ than core·). The decreased stability ‫1ف(‬ kb/s), coupled with the 1-3 kb length of Okazaki between core and ␤ in the absence of may obviate fragments, indicates that these fragments are synthethe need for a processive switch when is not present. sized about every 1-3 s. How can a processive replicase, However, the resulting synthesis may be less processive bound to DNA by a ring, recycle itself from DNA in such and could leave ssDNA gaps that would need to be filled rapid fashion? by subsequent polymerase action by core or other DNA This report illustrates that polymerase recycling ocpolymerases. Regardless, during replication core probcurs by a processivity switching mechanism that has ably functions within the context of being bound to , exquisite fidelity for completion of an Okazaki fragment.
as the C-terminal sequences of are essential for cell The enzyme retains a tight grip to ␤ on a primed temviability (Blinkova et al., 1993). Therefore, a processive plate, even when the ssDNA template strand is a single switch is needed to facilitate departure of Pol III* from nucleotide in length. Only when the gap has been comits ␤ clamp at the end of each fragment. pletely filled to a nick does the enzyme dissociate, leavAnalysis of replication fork operations in vitro indiing the ␤ clamp on the DNA.
cates that under some conditions the lagging-strand polymerase can dissociate from DNA prior to compleThe Mechanics behind the Processivity Switch tion of an Okazaki fragment (Li and Marians, 2000) . This What underlies the intelligence of this smart switching premature cycling is observed upon initiating laggingprocess? We have discovered herein that the subunit strand replication after the leading strand polymerase of the clamp loader is responsible for modulating the has been allowed a "head start" in synthesis. Premature core·␤ interaction, and it does so in a fashion that is polymerase recycling may be useful to the cell when highly responsive to the DNA structure. As explained the leading strand polymerase gets too far ahead of the lagging-strand polymerase. It is important to note that above, provided even a single nucleotide remains in the since DnaB also binds c , this proximity to core may Stillman, 1994). Whether the clamp loader-polymerase interaction acts as a processivity switch in these other affect cycling behavior at a replication fork. systems has not been addressed. However, in all these diverse systems, the polymerase/clamp complex is proWhat Aspect of the DNA Structure Triggers cessive, yet the lagging strand is replicated discontinuthe Processivity Switch?
ously. Hence, a processivity switch for recycling of polyThis study demonstrates that attachment of the polymerase on the lagging strand would appear to be a merase to ␤ on DNA decreases dramatically in going general requirement. from a single nucleotide gap to a nick. Perhaps steriStudies in the T4 system demonstrate that gene 43 cally collides with the 5Ј terminus as it approaches the DNA polymerase binds tight to its clamp while stalled duplex DNA junction. This collision may then trigger on a template due to nucleotide omission, but the polyto separate core from ␤. We have examined whether merase rapidly disengages from its clamp upon finishing polymerase dissociation requires recognition of the 5Ј a template (Hacker and Alberts, 1994) . Although the T4 terminus in our earlier studies in which the holoenyzme, clamp is not as stabile on DNA as ␤, it is probably left upon going full circle around a singly primed M13 on DNA after polymerase dissociates, as it has been ssDNA, collides with the 5Ј terminus and rapidly cycles shown to have a residence time on duplex DNA in the to a challenge template. These studies show that rapid absence of polymerase (Fu et al., 1996) . Indeed, the T4 polymerase cycling still occurs using a variety of 5Ј clamp activates RNA polymerase for late gene transcripstructures, including 5Ј OH, 5Ј phosphate, 5Ј RNA trition, a process that is tightly coordinated with DNA repliphosphate, 5Ј biotin, and 5Ј psoralen, indicating that cation ( . This type of behavior indicates that polywith DNA polymerase ␦ during chain extension (Tsurimerase dissociation does not occur immediately upon moto and Stillman, 1991). Given the similarity between completing the template. The current study demonstrates the E. coli, yeast, and human systems, it seems likely that the processivity switch is rapid, but it is quite possible that the eukaryotic lagging-strand polymerase contains that the polymerase, while it remains attached to ␤, a processivity switch (Stillman, 1994). Further study of scans the duplex before it fully disengages from ␤. the processivity switching mechanism in E. coli, eukaryotes, and other systems, including crystal structure analyImplications for a Processivity Switch sis of the fine details that are most certainly involved in in Other Systems the process, remains an exciting avenue for the future. The use of a clamp and clamp loader generalizes to all cells, prokaryotic, eukaryotic, archaeal, and at least in et al., 2000) . Phage was purified, and ssDNA was extracted (Griep and McHenry, 1988) . ␤ (3 mg) was labeled using Oregon as described (Yao et al., 2000) . Two DNA oligonucleotides were Green 488 maleimide (Molecular Probes) in 1 ml of 50 mM potassium annealed to M13mp19EBNA-1 ssDNA to produce defined gaps bephosphate (pH 7.5) and 100 mM NaCl. The Oregon Green maleimide tween them. The holoenzyme assembles at the 3Ј end of Oligo #2
(1 pmol) was dissolved in 100 l DMSO, and then 80 l was added (31-mer, map position 6251-6381). The 3Ј terminal 18 nucleotides to ␤ with gentle stirring at 4ЊC, followed by overnight incubation at of Oligo #1 contain the EBNA-1 site, and the 5Ј sequence ranged 4ЊC in the dark. ␤ dependence, a test for ATP dependence, and a test for DNA before analysis by gel filtration. To determine whether ATP is redependence. In each case, less than 15 RU accumulated upon injecquired for the switch, 3 H-Pol III* and ␤ were assembled onto the tion of Pol III*/␤. single-nucleotide gapped DNA, and then hexokinase (0.25 units) and glucose (150 nmol) were added to remove ATP. After 3 min at 37ЊC, either no nucleotide or 120 M dCTP was added, incubated Acknowledgments another 3 min, and then analyzed by gel filtration. To determine whether the last nucleotide must be incorporated for the processiThis work was supported by the HHMI and a grant from the NIH vity switch, we used an Oligo #2 terminated with a ddC residue at (GM38839). the 3Ј end to produce a dideoxy terminated single-nucleotide gap. 
